Here, we describe several field experiments that evaluated potential problems with current methods of trapping cerambycid beetles using panel traps baited with synthesized pheromones. Positioning traps at least 5 m apart in linear transects was effective in preventing unbaited traps from intercepting beetles that were flying to baited traps, which would result in interference between treatments. There was no evidence that traps baited with a strong attractant drew beetles away from traps baited with weaker attractants, which would lead to the erroneous conclusion that the latter have no activity. Unbaited panel traps were minimally attractive to cerambycid beetles, and unlikely to intercept them passively in flight. Finally, dose-response experiments revealed that trap catch of cerambycids was positively associated with pheromone release rates. Overall, our results generally validated current methods of trapping cerambycids using traps baited with pheromones.
Over the past several decades, traps of several different designs have been developed for capturing wood-boring beetles, including black light, stovepipe, sticky, flight intercept, panel, and multiple funnel traps (Stewart and Lam 1970; Lindgren 1983; Chénier and Philogène 1989; Lacey et al. 2004; Bouget et al. 2008; Miller and Crowe 2011; Allison et al. 2014) . Considerable effort has also been devoted to improving the efficiency of these traps, such as by optimizing their dimensions, color, height above the ground, and by coating trap surfaces and collection cups with lubricants (Wermelinger et al. 2007; Crowe 2009, 2011; Graham et al. 2010; Allison et al. 2011; Wong and Hanks 2016) . The earliest trap baits developed for cerambycid beetles were plant volatiles, with ethanol and monoterpenes proving to be effective attractants for many species whose larvae develop in conifers (Millar and Hanks 2017) .
Synthesized pheromones can be effective attractants for targeting cerambycid species which otherwise are rarely, if ever, encountered (Ray et al. 2009 (Ray et al. , 2014 Zou et al. 2015 Zou et al. , 2016 Meier et al. 2016; Diesel et al. 2017 ). Blends of pheromones of different species have been developed as multispecies lures that attract a diversity of cerambycid species to traps simultaneously (Millar and Hanks 2017) . Pheromone emitters that have been tested have included rubber septa, cotton rolls (alone, within open glass vials, or as wicks in vials), glass vials alone (open or partially sealed) and, more recently, resealable polyethylene sachets (Lacey et al. 2009; Graham et al. 2010; Hanks et al. 2014 ). However, there has been very little research to date on optimizing the efficiency of pheromone emitters for use in cerambycid trapping programs, to our knowledge.
Here, we describe four field experiments that evaluated potential problems with current methods of trapping cerambycid beetles using panel traps baited with synthesized pheromones. Experiment 1 tested the hypothesis that positioning traps too closely together during bioassays can result in unbaited traps capturing beetles that are attracted to baited traps, which would result in interference between treatments. Experiment 2 tested the hypothesis that traps baited with a strong attractant will draw beetles away from traps baited with weaker attractants, which, if true, would lead to the inaccurate conclusion that the latter have no activity. Experiment 3 assessed the extent to which beetles are attracted to unbaited traps, e.g., by the silhouette or color of the trap, and whether the solvent often used to dilute synthesized pheromones (isopropanol) is itself an attractant. Finally, Experiment 4 was a dose-response trial, which determined how trap catch of cerambycids was affected by the release rates of pheromone emitters. racemic 3-hydroxyhexan-2-one, racemic (E)-6, 10-dimethyl-5,9undecadien-2-ol (henceforth 'fuscumol') , the corresponding (E)-6,10-dimethyl-5,9-undecadien-2-yl acetate ('fuscumol acetate'), and 2-(undecyloxy)ethanol ('monochamol'; all Bedoukian Research, Inc., Danbury, CT) , and citral and racemic 2-methylbutan-1-ol (Aldrich Chemical, Milwaukee, WI).
General Methods of Trapping
Field experiments were conducted at six study sites in east-central Illinois (Table 1) that were second growth and old growth hardwood forests dominated by oaks (Quercus species), hickories (Caryae species), and maples (Acer species). Previous field experiments conducted at these study sites have documented that 114 species of cerambycids are native to the region (Hanks et al. 2014) .
Beetles were caught with black panel traps (cross-vane, corrugated plastic; AlphaScents, Portland, OR) coated with the lubricant Fluon PTFE (fluoropolymer dispersion; Northern Products, Inc., Woonsocket, RI) to improve trapping efficiency (Graham et al. 2010) . Basins of traps were partly filled with saturated NaCl brine to kill and preserve captured beetles. Traps were hung from inverted L-shaped frames constructed of polyvinylchloride irrigation pipe (~0.5 m above the ground). Pheromone lures were polyethylene sachets (press-seal bags, Bagette model 14770, 5.1 × 7.6 cm, 0.05 mm thick, Cousin Corp., Largo, FL) that usually were loaded with 50 mg of the racemic compounds (i.e., 25 mg of each enantiomer) in 1 ml of solvent (ethanol in 2010, subsequently isopropanol). Solvent control lures contained 1 ml of neat solvent.
Taxonomy of trapped beetles follows Monné and Hovore (2005) . Representative specimens of each species are available from the laboratory collection of L.M.H., and voucher specimens have been submitted to the collection of the Illinois Natural History Survey (Champaign, IL).
Targeted Species
The cerambycid species that were among those captured in the greatest numbers during the experiments, and that were the focus of statistical analyses of treatment effects, were four species in the subfamily Cerambycinae (tribe Clytini), all of which are among the most common and abundant cerambycids in the Midwestern United States (Hanks et al. 2014 ). Males of these species produce aggregation-sex pheromones that attract adults of both sexes , with pheromone composition as follows: 
Field Experiments
Experiment 1 tested the hypothesis that positioning traps too closely together during bioassays can result in unbaited traps intercepting beetles that are attracted to baited traps. The experimental design involved a central pheromone-baited trap from which four lines of unbaited traps radiated out in the four cardinal directions. The treatments were defined by distance from the central trap (i.e., excluding data from the central trap; see Statistical Analysis). The hypothesis would be supported if traps that were nearest to the center caught more beetles than those that were farther away. The first trial targeted M. caryae with the central trap baited with the blend of racemic anti-2,3-hexanediol and citral dissolved in ethanol. Unbaited traps in the four lines were positioned at four distances from the central trap: 1, 5, 10, and 20 m (N = 16 unbaited traps). The experiment was conducted at the FGP and RAP study sites (Table 1) during 10-29 April 2010, with one set of traps at each location. A second trial targeted N. a. acuminatus with the central trap baited with racemic syn-2,3-hexanediol dissolved in ethanol, and four lines of unbaited traps that were positioned at three distances from the central trap: 1, 5, and 10 m (N = 12 unbaited traps). That trial was conducted at the same two study sites, with one set of traps at each site, during 26 May to 4 June 2010. In both trials, traps were serviced at intervals of 1-3 d. Experiment 2 tested the hypothesis that traps baited with a strong attractant will draw beetles away from traps baited with weaker attractants. The experimental design involved two sets of traps (at least 100 m apart), each with one trap baited with the weak attractant and one with control trap. One of the sets also had a third trap that was baited with the strong attractant. Traps within a set were positioned ~10 m apart. The hypothesis would be supported if traps baited with the weak attractant were to catch significantly fewer beetles when in the vicinity of traps baited with the strong attractant. Data from traps baited with the strong attractant therefore were excluded from analyses. The first trial targeted N. a. acuminatus with the strong attractant being syn-2,3-hexanediol, which contains the pheromone (2S,3S)-2,3-hexanediol, and the weak attractant being the blend of all four isomers of 2,3-hexanediol. An earlier bioassay had shown that adults of N. a. acuminatus were significantly attracted to syn-2,3-hexanediol, but attraction to the pheromone in the four-component blend apparently was strongly inhibited by the non-natural diastereomers (Lacey et al. 2004 ). This trial of Experiment 2 was conducted at the RAP site during 28 June to 12 July 2012. Traps were serviced at intervals of 1-3 d, at which time treatments were switched between the two sets of traps to control for positional effects.
A second trial of Experiment 2 targeted X. colonus, with the strong attractant being racemic 3-hydroxyhexan-2-one and weak attractants being two pheromone components (tested separately) which appeared to have weak activity in earlier bioassays: syn-and anti-2,3-hexanediol (Lacey et al. 2009; Hanks et al. 2012) . The experimental design was as already described, and was conducted at the FGP and NHMW sites during 23 June to 30 August 2014.
Experiment 3 was a logical follow-up to Experiment 2, and tested the hypothesis that unbaited panel traps are effective for collecting cerambycid beetles, but capture few if any beetles during bioassays owing to competition with traps baited with attractants. Unbaited traps may present visual cues that attract cerambycids, such as a silhouette that resembles a tree trunk, or simply may intercept flying beetles passively. This experiment also tested for attraction of beetles to isopropanol, the solvent often used for diluting synthesized pheromones (Hanks et al. 2014 ). The experimental design involved two traps that were positioned ~10 m apart, one having an empty lure and the other with a lure that contained 1 ml neat isopropanol. One pair of traps was deployed at each of the BW, FGP, RAP, and TW study sites (Table 1) during 12 June to 29 July 2013. This experiment lacks a positive control; therefore, activity of adult cerambycids was confirmed by monitoring trap catch in concurrent bioassays at the RAP and TW sites (traps at least 100 m away). At those sites, three monitoring traps were baited with a blend of 3-hydroxyhexan-2-one, 2,3-hexanediol, racemic fuscumol, fuscumol acetate, and monochamol diluted in isopropanol. The experiment was repeated during 24 July to 3 September 2014 with two pairs of traps at the RAP site and one pair at FGP site, and activity confirmed by monitoring numbers of beetles caught by two traps, in a concurrent bioassay, that were baited with a blend of 3-hydroxyhexan-2-one, fuscumol, and fuscumol acetate.
Experiment 4 comprised two independent dose-response trials that tested the effect of increasing pheromone release rate on trap catch. In each trial, traps were deployed ~10 m apart in linear transects, with treatments initially randomly assigned to one trap per transect. The first trial targeted N. m. mucronatus using traps baited with racemic 3-hydroxyhexan-2-one. The lure release rate was manipulated by increasing the dose of the synthesized compound in 1 ml ethanol by powers of two, with treatments being 12.5, 25, 50, and 100 mg of pheromone. Release rates of lures, estimated by headspace sampling, varied from 0.5 to 6.8 mg/d (a ~14-fold range; L.M.H., unpublished data). The experiment included a solvent control (neat ethanol), and was conducted at the FGP site (two transects) and TW site (1 transect) during 9 August to 13 September 2010, for a total of 13 replicates. In this and the second trial, treatments initially were assigned randomly to traps within transects, and traps were serviced at intervals of 1-3 d, at which time treatments were rotated down transects to control for positional effects.
The second trial of Experiment 4 targeted a number of cerambycid species, using traps baited with a blend of synthesized compounds that are typical pheromone components of species in the subfamilies Cerambycinae (racemic 3-hydroxyhexan-2-one, syn-2,3-hexanediol, racemic 2-methylbutan-1-ol) and Lamiinae (racemic fuscumol, racemic fuscumol acetate, monochamol; Millar and Hanks 2017) . The highest dose of the blend contained 50 mg of all five of the racemic components (i.e., 25 mg per enantiomer) and 25 mg of the achiral monochamol, for a total of 275 mg of pheromone. This stock solution was diluted in isopropanol to yield a range of doses differing by powers of five: 0, 2.2, 11, 55, and 275 mg. Only adults of X. colonus were caught in numbers sufficient for statistical analysis, with the beetles undoubtedly being attracted by 3-hydroxyhexan-2-one in the blend. Release rates of that compound from lures loaded with 2.2 and 275 mg of the blend were ~0.4 and 13.5 mg/d, respectively (a ~35-fold range). The experiment was conducted during 8 August to 28 September 2012 with one transect of traps at the VRO site, for a total of seven replicates.
Statistical Analysis
Replicates were defined by the number of transects and collection date (i.e., replication over space and time). Differences between treatment means were tested separately for each target species with the nonparametric Friedman's test (PROC FREQ, option CMH; SAS Institute 2011), blocked by site and collection date. Replicates with no beetles in any trap, within a given transect of traps, were dropped from analyses. For all analyses, differences between pairs of treatment means were tested using the nonparametric Ryan-Einot-Gabriel-Welsch Q (REGWQ) multiple comparison test, which controls for experiment-wise error rates (SAS Institute 2011).
Results
In both trials of Experiment 1, most of the beetles were caught by the central pheromone-baited trap, with the unbaited traps catching few beetles. Of the 192 adults of M. caryae that were caught, 168 (83%) were in the central trap, for a mean of 21.0 ± 5.4 beetles (data not included in the statistical analysis). Data for the unbaited traps supported the hypothesis, with the traps nearest the center (1 m away) catching significantly more beetles than traps positioned farther away (Fig. 1; Friedman' s Q 3,128 = 38.6, P < 0.0001). Similarly, 39 of 44 (89%) adults of N. a. acuminatus were captured by the central pheromone baited trap, for a mean of 9.8 ± 4.0 beetles (not included in the analysis). However, the numbers of adult N. a. acuminatus in unbaited traps did not vary significantly with distance from the center (Fig. 1; Q 2 ,48 = 12.0, P = 0.37). Thus, the hypothesis was not supported for N. a. acuminatus.
Neither of the trials of Experiment 2 supported the hypothesis that strong attractants would outcompete weaker attractants during bioassays. In the first trial, 196 adults of N. a. acuminatus were Fig. 1 . Mean (±1 SE) of adults of M. caryae and N. a. acuminatus that were caught during Experiment 1 by a central pheromone-baited trap, and traps at increasing distances from the center. The study targeting N. a. acuminatus lacked traps at the 20 m distance (indicated by X). The effect of distance from the center was tested by comparing only the means for traps positioned at a distance (i.e., excluding data from the center trap). Treatment means for M. caryae with different letters were significantly different (REGWQ test, P < 0.05).
caught, of which 142 (~73%) were in traps baited with the strong attractant, syn-2,3-hexanediol. Traps baited with the blend of all four stereoisomers of 2,3-hexanediol attracted similar, and significant numbers of beetles in the presence and absence of traps baited with the strong attractant ( Fig. 2A; Q 3 ,48 = 26.5, P < 0.0001). The trial that targeted X. colonus yielded 59 adults of that species, of which 37 (63%) were in traps baited with the strong attractant, 3-hydroxyhexan-2-one. Neither of the supposed weak attractants, syn-and anti-2,3-hexanediol, attracted more beetles than did control traps, regardless of whether traps baited with the strong attractant were present or not (Fig. 2B; Friedman's P > 0.3) . Thus, their lack of activity was not owing to competition with the ketol, but rather was inherent.
During the 47-d period of the 2013 trial of Experiment 3, unbaited traps, and those baited only with solvent caught 55 cerambycid beetles of 20 species, with 21 beetles in unbaited traps and 34 beetles in traps baited with isopropanol. Individual traps of both types caught fewer than 0.2 beetles per day of any species. Data from nearby concurrent bioassays confirmed that this low trap catch was not owing to a scarcity of adult beetles. For example, while Experiment 3 was in progress, pheromone baited traps at the RAP site caught 62 and 66 adults of N. a. acuminatus and X. colonus per trap, and traps at the TW site caught 25 and 66 adults of the lamiine species Astylidius parvus (LeConte) and Lepturges angulatus (LeConte) per trap, respectively. Thus, for these four species, the traps in Experiment 3 caught fewer than 1% the number caught by the pheromone baited traps, suggesting that neither the traps nor isopropanol were inherently attractive to the beetles.
During the 26-d period of the second round of Experiment 3 in 2014, unbaited traps captured only one adult of X. colonus whereas traps baited with isopropanol captured one adult of Neandra brunnea (F.) (means: 0.034 ± 0.03 beetles per trap and day). During the same period, pheromone baited traps in nearby concurrent bioassays caught 51 adults of X. colonus and 39 adults of L. angulatus per trap. Thus, the data indicated that traps alone or traps with isopropanol lures were not attractive to these species, and rarely captured then passively.
During the 2010 trial of the dose-response Experiment 4, traps caught 144 adults of N. m. mucronatus, with the number of beetles per replicate increasing with the concentration of 3-hydroxyhexan-2-one within lures ( Fig. 3A ; Friedman's Q 4,66 = 23.6, P < 0.0001). The 2012 trial yielded similar results (Fig. 3B) , with 26 adults of X. colonus captured, and numbers per replicate increasing with the concentration of 3-hydroxyhexan-2-one in lures (Q 4,35 = 14.7, P = 0.0053).
Discussion
In Experiment 1, adults of both M. caryae and N. a. acuminatus accurately located the central traps that were baited with attractants, with only the unbaited traps that were 1 m away intercepting significant numbers of incoming M. caryae. These findings suggest that spacing traps within transects by at least 5 m should prevent interference between treatments during bioassays. Experiment 2 confirmed that even weak attractants can be effectively bioassayed using traps positioned ~10 m apart in linear transects. During that experiment, adults of N. a. acuminatus were significantly attracted to the blend of all four stereoisomers of 2,3-hexanediol, and there was no evidence that trap catch with this weak attractant was overshadowed by the presence of traps baited with the strongly attractive syn-2,3-hexanediol. This finding contradicts an earlier report that the isomeric blend was not a significant attractant, but this inconsistency was likely owing to low statistical power in the earlier study (Lacey et al. 2004) . Experiment 2 also confirmed that adults of X. colonus were not attracted to the 2,3-hexanediol components of the male-produced pheromone, confirming earlier studies (Lacey et al. 2009, Hanks and Millar 2013) . Experiment 3 showed that unbaited panel traps, or those baited only with the solvent isopropanol, were not attractive at all to any cerambycid species, and so are appropriate as controls in bioassays. Finally, the two dose-response trials in Experiment 4 indicated that trap catch of N. m. mucronatus and X. colonus increased with the amount of synthesized pheromones loaded into lures, with no sign of reaching a release rate that was so excessive as to overwhelm the sensory capacity of the beetles, or to become repellent. This increase in trap capture with dose/release rate is consistent with earlier dose-response experiments that targeted N. m. mucronatus and N. a. acuminatus (Lacey et al. 2004 (Lacey et al. , 2007 .
Overall, our results validate methods that are typically used for field bioassays of cerambycid semiochemicals, in which synthesized pheromones are diluted in isopropanol and dispensed from polypropylene sachets, including solvent controls, and traps are positioned at least 10 m apart in linear transects (Handley et al. 2015 , Hayes et al. 2016 , Mitchell et al. 2015 , Meier et al. 2016 ). Nevertheless, Fig. 2 . Mean (± 1 SE) of adults of N. a. acuminatus and X. colonus that were caught during Experiment 2 by traps baited with strong versus weak attractants. (A) For N. a. acuminatus, the strong attractant was syn-2,3-hexanediol ('syn-Diol'), whereas the weak attractant was the complete blend of 2,3-hexanediol isomers ('2,3-Diol'). (B) For X. colonus, the strong attractant was 3-hydroxyhexan-2-one ('3-ketol') whereas the weak attractants (tested separately) were syn-and anti-2,3-hexanediols ('syn-Diol', 'anti-Diol'). Significant attraction to the weak attractants was tested by comparing their means with those of controls (excluding the strong attractant treatment). Treatment means for N. a. acuminatus with different letters were significantly different (REGWQ test, P < 0.05).
the findings of the dose-response experiment suggest that current methods may be further improved by designing lures that release synthesized pheromones at higher rates. Fig. 3 . Relationship between mean (± 1 SE) number of beetles of two species that were captured by traps (per replicate) and dosage of synthesized pheromones in lures during Experiment 4: (A) N. m. mucronatus (traps baited with racemic 3-hydroxyhexan-2-one); (B) X. colonus (traps baited with a blend of six common pheromones of cerambycids). Means with different letters within species are significantly different (REGWQ test, P < 0.05).
